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A B S T R A C T
The failure of the ﬁrst stage blade in a steam turbine of 55 MW was investigated. The blade
was made of 17-4 PH stainless steel and has been used for 12 years before failure. The
current work aims to ﬁnd out the main cause of the ﬁrst stage blade failure. The methods
for investigation were metallurgical analysis, chemical composition test, and hardness
measurement. The result showed that there was no evidence the blade failure was due to
material. The damage found on the blade namely crack on the blade root. Two locations of
the crack observed at the blade root, which was at the tang and the ﬁllet, with different
failure modes. In general, the damage of the blade was started by the corrosion occurred on
the blade root. The crack at the blade root tang was due to corrosion fatigue and the crack
occurred at the blade root ﬁllet owing to stress corrosion cracking.
 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
The turbine blade in a steam turbine has an important role to convert the kinetic energy of the steam into mechanical
energy [1–3]. Blade failure in a steam turbine is a prevalent occurrence and has a strong correlation with the forces acting on
the blade, which are centrifugal forces, centrifugal bending, steady steam bending, unsteady centrifugal forces due to lateral
shaft vibration and alternating bending [4]. Working environment of turbine blade in corrosion during operating and lay up
also has a big contribution to the blade failure [5,6]. Previous investigations [5,7–9] reported that fatigue, stress corrosion
cracking and corrosion fatigue were general causes that often lead to the blade failure.
This paper reported the investigation of the ﬁrst stage blade failure in a steam turbine, which has been operated for 12
years. The steam turbine of a 55 MW consists of ﬁve stages of turbine stator and rotor. The type of blade used in the ﬁrst stage
in this investigation was single T root blade assembled in slot disc of rotor. Fig. 1 shows the investigated blade, and blade
terminology used in this paper. Each blade was integrated in its top by a shroud. The shrouds contact to each other that
strengthen the rigidity, decrease the bending and twisting distortion and the friction occurred between the shrouds caused
by blades vibration could absorb the vibration power [10]. The blade failure of the ﬁrst stage was observed initially using
non-destructive inspection (dye penetrant) when the steam turbine being repaired. The result found that all blades had
cracks at the tang and the crack at the ﬁllet for the blades with broken tang. The main objective of this paper was to ﬁnd out
the cause of failure of the ﬁrst stage blade.* Corresponding author. Tel.: +62 22 7272215x139; fax: +62 22 7202892.
E-mail addresses: meilinda@itenas.ac.id, nurbanasarimeilinda@yahoo.com (M. Nurbanasari), halimppy@yahoo.com (Abdurrachim).
http://dx.doi.org/10.1016/j.csefa.2014.04.002
2213-2902/ 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/3.0/).
Fig. 1. (a) An investigated blade and (b) blade terminology [4,10].
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The investigation was started by removing all ﬁrst stage blades from the rotor disc for non-destructive inspection using
dye penetrant method. Three failed blades, which had the most severe failure namely broken tang and cracked at the blade
root ﬁllet were further examined with the following sequences: CTa
Thhemical composition of the blade material was determined by PMI (positive material identiﬁcation). The used method of
PMI was OES (optical emission spectroscopy – Master Pro – Oxford instrument), which can determine the elements
including the carbon content. Hardness was measured on the blade surface and was performed on Vickers Hardness Tester with load 200 g and dwell
time 15 s. Fractography of broken tang and cracked ﬁllet was carried out using stereomicroscope and scanning electron microscope
(SEM). Electric discharge machining (EDM) was used to cut the area of cracked ﬁllet for fracture surface observation. Fracture surface observation of broken tang and cracked ﬁllet, and microstructure analysis were carried out by means of
SEM equipped with EDS. The SEM-EDS was performed on JEOL 610-LA operated at 20 kV. The EDS (energy dispersive
spectroscopy) was carried out for local chemical analysis. Microstructure sample was prepared by grinding and polishing
and Vilella’s etchant was used to reveal the microstructure.
3. Results and discussion
3.1. Veriﬁcation of blade material
From Table 1, the chemical composition of blade material conﬁrmed that it was made of AISI 630, which is equivalent to
17-4 PH stainless steel. Microstructure of blade material is presented in Fig. 2.
Fig. 2 shows that the microstructure of the blade material consisted of tempered martensite under back scatter electron
(BSE) imaging conditions and no indication of any microstructural abnormality. The average hardness of the blade material
was 381  3 HV.
3.2. Non-destructive inspection
It was found that the crack occurred at all blade tangs and three of blade tangs were broken. Cracks were also observed at
the ﬁllet on the blade with broken tang. Corrosion products and scale were detected at the bottom surface of the blade tang.
Fig. 3 shows typical damage of failed blade from visual inspection.ble 1
e chemical composition of blade material (in wt%).
Cr Mn Ni Cu Mo C Fe
AISI 630 15.50–17.50 0.5 max 3.00–5.00 3.00–3.70 – Max 0.07 Balance
Result 16.5 0.3 4.6 2.6 0.06 0.03–0.05 Balance
Fig. 2. Back scatter electron image of blade material.
Fig. 3. Blade failure with broken tang and crack occurred at the ﬁllet.
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Fractography observation was performed on the exposed cracked surface at the tang of blade root using stereomicroscope
(magniﬁcation 25) and SEM as can be seen in Figs. 4 and 5.
Fig. 4 shows that the fracture surface having fatigue failure characteristic. The beachmark was present with a clearly
detectable fatigue propagation and followed by ﬁnal rupture. The fatigue area covered almost 60% of the fracture surface andFig. 4. A low magniﬁcation fractography of fracture surface of broken tang (arrow indicates the location of initial crack).
Fig. 5. Secondary electron SEM images of fracture surface of broken tang showing (a) intergranular fracture and (b) transgranular fracture.
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important crack features.
Fig. 5(a) shows intergranular morphology in the ﬁnal section of a fatigue failure. In a few areas (Fig. 5(b)), the
transgranular morphology with cleavage fracture was also observed. SEM-EDS was used to analysis qualitatively for the
presence of impurities on the initial crack of broken tang.
Qualitative EDS analysis in Fig. 6 detected the presence of impurities namely S, Si and Cl. The impurity elements S and Si
formed scale that joined together with corrosion deposit at the bottom surface of the tang. The possible source of Cl was from
the liquid used for turbine washing and the source of Si and S was from the steam. Das et al. [11] reported that the presence of
beachmark and intergranular morphology rupture indicated the corrosion fatigue plays an important role to control the
initiation and propagation of the crack. In this study, the combination morphology of intergranular and transgranular
occurred and the corrosion as well as scale were observed at the bottom surface of the tang. Hence, there was strong evidence
that the crack at the tang was due to corrosion fatigue, which was initiated by corrosion. It can be explained as follows. There
were two main forces acting on the blade namely steady centrifugal force due to rotor rotation and unsteady bending (axial)
force of steam as illustrated in Fig. 7.
When the turbine operated, the centrifugal force acting on the blade caused the blade being pushed in the direction
of centrifugal force; as a result the root lands touched disc slot producing a gap between the disc slot and the tang (Fig. 8).
The gap facilitated an aggressive local environment because once corrosive impurities enter, they cannot be eliminated
[6]. In the next stage, the presence of Cl initiated the pitting corrosion. Fig. 6 also conﬁrmed that the crack was initiated at
the pit with thick oxide layer or corrosion deposit (indicated by arrow in Fig. 6). Pitting acted as stress concentration and
facilitated an initial crack under cyclic loading [2,12] owing to axial vibration being dominant mode in the blade root [13]. It
must be noted that the design of blade also contributed to the failure. The type of the ﬁrst stage blade was the single T root
in which the stress was high at the tang leading to crack growth and to fracture near the tang [14]. The growth of initial
crack decreased the fatigue resistance leading to ﬁnal rupture acceleration. The synergetic effects of the crack propagation
under the applied stress and corrosion attack increased the steam turbine vibration frequencies due to mass unbalanced
that was detected before turbine failure. In the case of broken tang, this was caused by the section thickness can no longer
whistand the working loads. From the obtained data, it can be concluded that the crack at the tang was due to corrosion
fatigue.Fig. 6. (a) SEM image showing the initial crack area of the broken tang for EDS analysis indicated by yellow square and (b) EDS spectrum of detected
elements. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of the article.)
Fig. 8. Schematic of forces acting on the blade root (left) [4] and gap occured between the tang and disc slot (right).
Fig. 7. Illustration of two main forces acting on blade.
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As mentioned before, the crack was also found at the ﬁllet of the blade with broken tang. The sample taken from the
cracked ﬁllet for fracture analysis can be seen in Fig. 9. Microstructure analysis of etched cracked ﬁllet using optical
microscopy (magniﬁcation 50) is presented in Fig. 10. Fig. 10(a) shows that the crack is a typical of surface initiated and
then propagated to the bottom of the blade root. The sub-crack was also observed near the main crack. Further examination
using SEM under back scattered imaging condition (Fig. 10b) shows that the cracks appear branched, which is a function of
applied stress intensity and working environment [13]. Fracture surface of the cracked ﬁllet was done using SEM as shown in
Fig. 12.
General view of SEM fractography in Fig. 11 shows that the fracture was intergranular with respect to prior austenite
grain boundaries and no evidence of beachmarks. EDS qualitative analysis was carried out near to the main crack to identify
the presence of impurities.
The presence of the impurities at the cracked ﬁllet was S, Cl and Si (Fig. 12). It conﬁrmed that the corrosion environment
was available. Figs. 10–12 show the characteristic feature of stress corrosion cracking. The broken tang of the blade played an
Fig. 9. The sample of cracked ﬁllet taken from the blade for fracture analysis.
Fig. 10. (a) An optical image of blade ﬁllet showing crack from the surface leading to the bottom of the blade root and (b) branched crack observed using
SEM.
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concentration was at the tang. The tang kept the blade coming out of the rotor disc when the centrifugal force was applied
[14] and hence when the tang was broken, the root rim was not tightly installed, and the moment, which was caused by the
axial component of the blade force on the root, would have to be transmitted by the root lands [4]. In other words, for the
blade with broken tang, the highest stress concentration was at the ﬁllet. Note that, the aggresive corrosion environment,
which was indicated by the presence of Cl, was available before the tang was broken and in this case the pitting corrosion
preceded stress corrosion cracking.Fig. 11. A SEM image of cracked ﬁlled fracture surface showing intergranular fracture.
Fig. 12. (a) SEM image showing area for EDS analysis as indicated by blue line and (b) EDS spectrum of detected elements.
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From the aforementioned data, it can be concluded as follows: The crack occured at the ﬁllet when the tang was broken.
 The blade failure was initiated by the corrosion occured between the bottom surface of tang and slot rotor disc.
 Crack at the tang was due to corrosion fatigue and the crack at the ﬁllet for the blade with broken tang owing to stress
corrosion cracking.
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